Total synthesis of asterelin A was accomplished by applying intramolecular Suzuki-Miyaura and oxidative couplings to the formation of an 18-membered macrocyclic ring and a dibenzofuran, respectively.
Macrocyclic bisbibenzyls, which mainly occur in liverworts, are intriguing natural products [1] . Their unique structural features and biological activities [2] have stimulated considerable efforts in their syntheses [4] . To date, a number of groups have reported the syntheses of bisbibenzyls, such as marchantin A [3] , plagiochins [4] , riccardins [3] , and cavicularin [4] . In most cases, the crucial macrocyclization was carried out by joining two benzyl positions using the Horner-Wadsworth-Emmons (HWE) reaction, Wurtz coupling, and/or McMurry coupling. Recently, Suzuki et al. reported the synthesis of riccardin C, in which intramolecular S N Artype cyclization was used to form the key macrocycle [5] . Previously, we reported the synthesis of plagiochins A and D [6] , isoplagiochin D [7] , and riccardin C [8] via Pd-catalyzed aryl-aryl bond formation as the key step. Our strategy for synthesizing macrocyclic bibenzyls is to mimic the plausible route of their biosynthesis. In this paper, we report the extension of this strategy to the synthesis of asterelin A (1). Asterelin A (1), which shows antifungal activity against Candida albicans at 128 g/mL, was isolated from the liverwort Asterella angusta by Lou et al. in 2007 [9] . Compound 1 has a peculiar dibenzofuran in the bisbibenzyl structure. This dibenzofuran is considered to be formed biosynthetically through intramolecular oxidative coupling between C-13 and OH-13′ in riccardin C (2).
Our plan for the synthesis of 1 is outlined in Scheme 1. The dibenzofuran of 1 would be constructed through an oxidative coupling of the riccardin derivative, as it is in the biosynthesis. In order to realize this regioselective oxidation between C-13 and OH-13′, two of the three phenolic hydroxy groups in 2 have to be protected as methyl ethers. Thus, 18-membered macrocycle 3 is envisioned to be a key precursor, which could be formed via The preparation of boronic ester 4 is shown in Scheme 3. The HWE reaction of 5 with 6 gave 13 in 98% yield. After reduction of the ester group in 6, successive bromination and phosphorylation provided phosphonate 14 in 98% yield over three steps. The coupling of 14 with 7 by the second HWE reaction proceeded smoothly to give distilbene 15 in 94% yield. Next, the selective reduction of two double bonds in 15 was first attempted using the usual hydrogenation procedure. However, a debrominated product from over reduction was produced mainly. After numerous trials of reduction conditions, the combination of TsNHNH 2 and NaHCO 3 in ethoxyethanol was found to reduce the distilbene double bond with immaculate chemoselectivity [11] . The subsequent deprotection of the benzyl group with Pd(OH) 2 /C under H 2 , followed by treatment with Tf 2 O and DMAP in CH 2 Cl 2, afforded triflate 16 in 78% yield over three steps. Next, selective borylation of bromide 16 was undertaken in the presence of bis(pinacolato)diboron and 10 mol % of Pd(PPh 3 ) 4 and K 3 PO 4 in dioxane at 100°C, giving rise to boronic ester 4 in 81% yield [8] .
Next, we focused our attention on the 18-membered macrocyclization and intramolecular oxidative coupling (Scheme 4). Suzuki-Miyaura coupling of 4 with 10 mol % Pd 2 (dba) 3 and 20 mol % SPhos in DMF at 100°C, which are the same conditions as those used for the synthesis of riccardin C [8] , gave the macrocyclic compound 17 in 52% yield. After removal of the MOM protecting group, the intramolecular oxidative coupling conditions were examined. Other oxidants such as CeCl 4 , PIFA, and FeCl 3 gave small amounts of the desired product (0-5% yield). Ultimately, it was found that VOCl 3 was the most effective oxidant for the construction of dibenzofuran. The oxidation of 18 with VOCl 3 in CH 2 Cl 2 at 20°C provided 18 in 58% yield [12] . Finally, the total synthesis of asterelin A (1) was accomplished by treating 18 with BBr 3 . The 1 H NMR, 13 C NMR, and IR spectroscopic, and MS data for synthetic 1 were consistent with those of natural asterelin A.
In summary, we accomplished the first total synthesis of asterelin A in 16 steps, with a total 3.2% yield. The highlights of our strategy are a) ether bond formation to form 5 via the Ullmann reaction, b) 18-membered biaryl linkage via the intramolecular Suzuki-Miyaura reaction, and c) the intramolecular oxidative coupling to obtain dibenzofuran. To the best of our knowledge, this key intramolecular oxidative coupling reaction is the first synthesis of dibenzofuran from a phenol group. In the future, the detailed mechanism of this oxidative reaction will be investigated, along with the scope of possible substrates, in the hope that a new oxidative coupling methodology can be established. Synthetic studies on macrocyclic bisbibenzyls Natural Product Communications Vol. 8 (7) 2013 917 Experimental General: IR spectra were recorded on a JASCO FT-IR 410 infrared spectrophotometer. High resolution mass spectral measurements were acquired on a MStation JMS-700. 1 H and 13 C spectra were obtained on Varian Unity 500 MHz, 400 MHz, and mercury 300 MHz instruments in either CDCl 3 or acetone-d 6 solution with TMS as internal standard. Silica gel CC was carried out on Wako C-300 and Merck Silica gel 60N (70-230 and 230-400 mesh). All reaction solvents were anhydrous grade from Kanto Chemical Co., Inc.
Dimethylmethoxymethylriccardin C (17):
To a solution of 4 (7.00 mg, 9.06 μmol) in DMF (12 mL) was added Na 2 CO 3 (2.90 mg, 27.2 μmol), Tris(dibenzylideneacetone)dipalladium(0) (0.83 mg, 0.906 μmol), and SPhos (0.70 mg, 1.81 μmol). After stirring at 100°C for 12 h, the reaction mixture was filtered through Celite ® 535RVS and concentrated in vacuo. The residue was purified by preparative TLC eluting with n-hexane/EtOAc 
Dimethylasterelin A (18):
To a solution of 3 (3.0 mg, 6.64 mol) in CH 2 Cl 2 (3.00 mL) was added VOCl 3 (2.00 μL, 19.9 mol). After stirring at 0°C for 20 min, the reaction mixture was quenched with sat. Na 2 SO 4 and extracted with CH 2 Cl 2 . The combined extracts were washed with water and brine, dried over Na 2 SO 4 and concentrated in vacuo. The residue was purified by TLC by eluting with n-hexane/EtOAc (2:1) to give 18 (2.60 mg, 58%) as a colorless oil. Supplementary data: All spectral data and experimental procedures can be found in the online version.
